1. Introduction {#sec1}
===============

Endosymbionts are normally asexual and transmitted by uniparental vertical inheritance ([@bib51]). Multicellular organisms thus have a single mitochondrial genotype and those that have photosynthesis rely on a single clone of plastids. The evolution of such obligate symbiotic mutualisms has strong elements of partner commitment driven by kin selection, because exclusive association of hosts with a single symbiont genotype ensures that its services to growth and survival of the host will benefit clone mates that are vertically transmitted when hosts reproduce ([@bib18], [@bib9], [@bib52], [@bib17]). The same logic implies that hosts and symbionts are potentially in conflict over the mode of symbiont transmission ([@bib19], [@bib10]), as symbionts would always benefit from additional horizontal transmission. However, hosts might suffer fitness losses from this form of commitment-disloyalty and therefore suppress symbiont investments in sexual reproduction ([@bib19], [@bib26]). When, despite such host efforts, symbiont lineages manage to co-infect hosts and compete for resources, hosts will be under selection to monitor symbiont genetic diversity and eliminate additional symbiont lineages when such competition implies a net loss of cumulative symbiont service to the host ([@bib19]).

The classical mitochondrial and plastid endosymbioses are so integrated with their host cells that their reduced genomes preclude any form of non-symbiotic life, and the same is true for many obligate and facultative endosymbionts with less reduced genomes ([@bib29]). Many of these interactions likely represent adaptive endpoints of host-symbiont coevolution, where host-symbiont conflicts were resolved in favor of the hosts ([@bib29], [@bib63]) or symbiont ([@bib64]), but their advanced stage of symbiosis normally precludes direct tests of evolutionary conflict theory over symbiont mixing because co-evolved symbionts can often not be reared *in vitro*. The fungus-growing ants offer a feasible model system to do such tests, because they have multiple obligate mutualisms, including fungus gardens ([@bib53], [@bib32]) and cuticular Actinobacteria ([@bib5], [@bib1]) that are ectosymbionts for individual ants, but endosymbionts for the ant colonies. This implies that partners can be reared *in vitro* without each other\'s interference for sufficient periods of time to quantify antagonism between symbiont clones, monitor host reactions to alternative symbionts, and relate observed differences to the genetic characteristics of the interactants ([@bib2], [@bib4], [@bib55]).

Attine ant colonies have never been found to rear a multi-clone fungus garden (*Apterostigma*, [@bib8]; *Cyphomyrmex*, [@bib20] and [@bib30]; *Atta*, [@bib38]; *Acromyrmex*, [@bib42]). In all studies, there was substantial genetic variation among fungus-garden clones across sympatric colonies, consistent with vertical transmission and normal patterns of variation of mitochondrial and plastid organelles across individual animals and plants (e.g. [@bib12]). However, in contrast to these cellular endosymbionts, there may be considerable horizontal transfer of symbionts when territories of founding attine colonies overlap, consistent with species belonging to the same genus often sharing clades of symbionts ([@bib20], [@bib42], [@bib6], [@bib7], [@bib30]), while sympatric attine ant genera normally rear distinct fungal symbiont clades ([@bib35], [@bib8], [@bib60], [@bib30], [@bib24]).

Horizontal swaps of fungus-garden symbionts between colonies of the same or closely related attine ant species may reduce the efficiency of co-evolutionary adaptation at the lowest taxonomic level, but allows ant lineages to replace an asexual crop symbiont that is compromised by genetic load or another form of maladaptation to prevailing ecological conditions ([@bib34]). However, as long as fungus-garden clones are thriving, they will also be under selection to actively defend their ant-care monopoly ([@bib4], [@bib42]). Such defenses are expected to evolve when the threat to be replaced is real, i.e., any hostility of this kind should target non-self symbiont genotypes belonging to the clade of symbionts that can in fact partake in a viable symbiosis with a focal attine ant species.

The *Acromyrmex echinatior* and *Acromyrmex octospinosus* populations in Gamboa, Panama appear to co-exploit the same clade of fungus-garden symbionts in sympatry ([@bib4], [@bib49], [@bib43]). Resident fungus gardens of these ant species have been shown to maintain their clonal integrity by a combination of behavioral adaptations in the ants to remove and kill alternative fungus clones ([@bib4], [@bib21]) and by the expression of somatic incompatibility reactions between clones from different *Acromyrmex* colonies reared together on the same agar plates ([@bib42]). These incompatibilities correlated with Amplified Fragment Length Polymorphism (AFLP) genetic distances between pairs of fungal symbionts, a pattern that also applied to the fecal fluid of *Acromyrmex* large workers fed with fungus from their own and other colonies ([@bib42]). However, founding *A. octospinosus* queens readily accept fungal clones from other colonies, suggesting that this stage offers a special window for horizontal transfers even though signs of reduced performance with a novel symbiont taken from a mature colony were also found ([@bib43]). This study suggested that incompatibility mechanisms might be different for sympatric *Atta* leaf-cutting ants, which tend to rear different fungal symbionts ([@bib31], [@bib33], [@bib24]) and whose queens never forage during colony founding and therefore have negligible likelihood of encountering alternative symbionts.

Somatic (in)compatibilities between plated fungi of Panamanian *Acromyrmex* species are expressed in a gradual manner that correlates with AFLP genetic distances between pairs of clones ([@bib42]). In basidiomycetes, somatic incompatibilities are generally induced by allorecognition so that strains are increasingly likely to be incompatible when they are more genetically different ([@bib28], [@bib66]). These reactions tend to be stepwise ([@bib47], [@bib46], [@bib66]) and usually involve dark pigmentation in the interaction zone ([@bib47]), changes in septal maintenance, or blockage of septa precluding the movement of cytoplasm, and can lead to programmed cell death ([@bib46]). The underlying genetic mechanisms remain largely unknown, but multiple loci appear to be involved ([@bib66]) and their expression may be linked to sexual incompatibility genes ([@bib58], [@bib59]). If sex occurs at all, it is extremely rare in the fungal symbionts of higher attine ants ([@bib15], [@bib16], [@bib40], [@bib34], [@bib31]). Recent work further indicated that the symbionts of Panamanian leaf-cutting ants are multi-genomic chimeras ([@bib24]), which likely explains why incompatibility patterns between Panamanian *Acromyrmex* symbionts appear to be gradual ([@bib42]).

In the present study, we aimed to further our understanding of the biological factors governing somatic incompatibility among strains of attine ant fungal symbionts. We focused on comparing sympatric mature colonies of Panamanian *Atta colombica* and *Acromyrmex echinatior* leaf-cutting ants to address the following questions: (1) Do plated fungal symbionts of *A. echinatior* and *A. colombica* express similar somatic incompatibility reactions when confronted with symbionts from other colonies? (2) To what extent does the intensity of these reactions differ within and between the two genera? (3) To what extent is the intensity of these reactions correlated with genetic distance between the fungal symbionts? (4) Are sympatric colonies of *A. echinatior* and *A. colombica* rearing the same or overlapping set(s) of fungal symbionts or are they associated with distinct lineages of the *Leucoagaricus gongylophorus* symbiont? The same set of symbionts would be expected if horizontal symbiont transmission between the two ant genera were more frequent than natural divergence of lineages via mutation and genetic drift. In contrast, segregated lineages would be expected when horizontal transmission between genera is absent because co-adaptations in *L. gongylophorus* strains reared by *A. echinatior* and *A. colombica* would preclude that horizontal symbiont swaps between genera are viable. Finally, we also compared two different sets of genetic markers (AFLPs and microsatellites) and different time spans between plate inoculation and scoring of incompatibilities to evaluate the robustness of our conclusions.

2. Materials and methods {#sec2}
========================

2.1. Biological material {#sec2.1}
------------------------

Fungal cultivars were isolated from nine *Acromyrmex echinatior* colonies (Ae150A, Ae160, Ae168, Ae263, Ae266, Ae322, Ae356, Ae394, Ae488) and nine *Atta colombica* colonies (Ac-2006-27, Ac-2009-42, Ac-2009-46, Ac-2011-2, Ac-2011-3, Ac-2012-1, Ac-2012-2, Ac-2012-8, Ac-2012-31) living sympatrically in Gamboa, Panama, and grown on 39 g l^−1^ Potato Dextrose Agar (Sigma--Aldrich, St Louis, MO, USA) with the addition of 5 g l^−1^ yeast extract, 15 mg l^−1^ Tetracycline and 12 mg l^−1^ Streptomycin. For each of the colonies a single isolate was obtained as it has been shown before that both *Acromyrmex* ([@bib42]) and *Atta* ([@bib38]) maintain their fungal symbiont in a monoculture. DNA of each fungal strain was extracted using the Qiagen (Venlo, The Netherlands) DNeasy Plant Tissue extraction kit and stored at −20 °C until further analysis. The Gamboa sampling site was the same as where most previous colonies of the Copenhagen fungus-growing ant research program have been collected, including the *Acromyrmex* colonies studied by [@bib4], [@bib42], [@bib33], [@bib49], [@bib21], and [@bib43].

2.2. Genetic analyses {#sec2.2}
---------------------

To calculate the genetic distance between each of the fungal strains we used two different methods: AFLP and ten microsatellite markers (A128, A1030, A1132, A1151, B12, B447, C101, C126, C647 and D115 developed by [@bib54]). AFLP was performed as described by [@bib61] with two selective primer combinations (Eco-ACC + Mse-CAT and Eco-ACC + Mse-CAC). Microsatellite markers were analyzed using PCR with 5 μl VWR Red Taq DNA polymerase Master Mix (VWR International, Haasrode, Belgium), 0.25 μl forward and reverse primer each, 1.5 μl ddH~2~O and 1 μl DNA, and a program of 5 min denaturing at 95 °C, followed by 14 cycles of 30 s denaturing at 95 °C, 30 s annealing at 68--58 °C with a touchdown of −0.5 °C per cycle, and 30 s extension at 72 °C followed by 20 cycles of 30 s denaturing at 95 °C, 30 s annealing at 58 °C and 30 s extension at 72 °C, and finally a 15 min extension at 72 °C.

Both AFLP and microsatellite amplification products were analyzed on an ABI 3130xl (Applied Biosystems, Nærum, Denmark) sequencer. Specific allele scorings (AFLP: [Table S1](#appsec1){ref-type="sec"}; microsatellites: [Table S2](#appsec1){ref-type="sec"}) were obtained by analyzing chromatograms in Genemapper 4.0 (Applied Biosystems, Nærum, Denmark). The program Populations 1.2.32 ([@bib25]) was used to calculate F~st~ values for the microsatellite data and Nei\'s standard genetic distance (D~s~) for the AFLP data, followed by Neighbor Joining phylogenetic analyses with 500 bootstrap replicates for each of the two types of markers. The program STRUCTURE v2.3.4 ([@bib44], [@bib13]) was used to analyze population structure for the AFLP data with the following settings: an optimized K = 3 tested with the online program STRUCTURE HARVESTER ([@bib11]), a burn-in period of 1,000,000 iterations followed by 10,000,000 MCMC iterations, an admixture model, and independent allele frequencies among populations with λ = 0.78. The 20 runs that we obtained were merged with the Greedy analysis with 1,000,000 repeats in the CLUMPP software ([@bib22]), and visualized with DISTRUCT ([@bib50]). Microsatellite data were further analyzed using the package POPPR ([@bib23]) in R ([@bib45]), to evaluate the discriminatory power of our markers and verify clonality of the symbionts.

2.3. Somatic incompatibility {#sec2.3}
----------------------------

To test whether plated fungi showed (in)compatibility, cultures of all 18 fungi were paired in all possible (171) combinations with four replicate pairings for each combination. For each pair, small tufts of mycelium (ca. 2 mm^3^) were placed at a distance of 1.5 cm from each other on a 5 cm Petri dish with 39 g l^−1^ Potato Dextrose Agar with the addition of 5 g l^−1^ yeast extract and 35 g l^−1^ Agar. The growth medium was selected in a pilot study testing somatic incompatibility reactions for control (self) encounters on this and three alternative media, which showed that the used PDYA medium most consistently avoided discolorations in controls ([Fig S1](#appsec1){ref-type="sec"}).

Incompatibility reactions were assessed after 6, 8, and 10 weeks and scored using the semi-quantitative scale described by [@bib42]: 0 = demarcation zone absent, 1 = demarcation zone weak but present, 2 = demarcation zone broad and distinct, and 3 = strong demarcation zone with consistent brown or black coloration of mycelium. These four scores are consistent with the variation in somatic (in)compatibility reactions that are typically found in free-living basidiomycetes, where they usually occur in a more stepwise manner as explained above ([@bib66]). All scorings were done blindly by randomly assigning numbers to each plate, after which two of the authors did the initial assessment and a third author blindly checked combinations for which the first two authors did not agree on the score. Degrees of (in)compatibility were subsequently compared with genetic distances between pairs of fungal clones using Mantel and Partial Mantel Tests for Dissimilarity Matrices ("mantel") ([@bib45]) with 99,999 permutations in the Community Ecology Package: Ordination, Diversity and Dissimilarities "vegan" ([@bib39]). Correlations were forced through the origin based on the fact that the controls were (0,0). Figures were created using Plot With Repeated Symbols by Size ("sizeplot") in the Plotrix package ([@bib27]).

3. Results {#sec3}
==========

For *Acromyrmex* symbionts, consistent scorings of somatic incompatibility were obtained 8 weeks after agar plates were inoculated. Coloration contrasts were not fully developed after 6 weeks, so Mantel correlation coefficients between incompatibility and genetic distance after 6 weeks remained low ([Fig S2](#appsec1){ref-type="sec"}). Beyond 8 weeks, Mantel correlation coefficients continued to improve, but contaminations and medium desiccation problems affected scoring accuracy 10 weeks after inoculation ([Fig S2](#appsec1){ref-type="sec"}) so that almost 5% of the replicates were lost. As scoring results at 8 weeks were approximately the same as the 2-months between inoculation and scoring in [@bib42], our main results for the 8 weeks observation period are presented, to remain as comparable as possible with that previous study on somatic incompatibilities between *A. echinatior* and *A. octospinosus* fungal symbionts collected at the same sampling site more than 10 yr earlier. However, for *Atta* symbionts a comparable result was only obtained when using microsatellite markers, as AFLP markers produced Mantel correlation coefficients close to zero for all observation periods ([Fig S2](#appsec1){ref-type="sec"}).

Using the 8 weeks data, somatic incompatibilities increased with increasing AFLP genetic distances between fungi (Mantel r = 0.463, p = 0.003, [Fig 1](#fig1){ref-type="fig"}A) in *Acromyrmex* symbionts, but not in *Atta* symbionts (Mantel r = −0.164, p = 0.792, [Fig 1](#fig1){ref-type="fig"}C). When using genetic distances based on microsatellite markers, both *Acromyrmex* (Mantel r = 0.469, p = 0.003, [Fig 1](#fig1){ref-type="fig"}B) and *Atta* (Mantel r = 0.312, p = 0.032, [Fig 1](#fig1){ref-type="fig"}D) symbionts had incompatibilities that increased with genetic distance, but less of the incompatibility variance was explained in *Atta* than in *Acromyrmex*. The *A. echinatior* results were consistent with the results obtained by [@bib42], but in that study the variance explained by the Mantel coefficient was larger (r = 0.855; p \< 0.0001). However, when the 10-weeks scorings for *Acromyrmex* symbiont pairings was used there was a correlation closer to the one obtained after 2 months by [@bib42] (Microsatellites: Mantel r = 0.596, p \< 0.001; AFLP: Mantel r = 0.654, p \< 0.001).

Overall, the *Atta* fungi had smaller genetic distances when calculated from the microsatellite marker data (0.09 ± 0.01 SE), but larger genetic distances when using AFLP markers (0.26 ± 0.03 SE) compared to *Acromyrmex* (0.13 ± 0.01 SE and 0.17 ± 0.02 SE, respectively), which is reflected in the average number of AFLP bands observed (*Atta*: 37.3 ± 1.8 SE; *Acromyrmex* 30.9 ± 1.5 SE; t~15.49~ = −2.724, p = 0.015). This implied that AFLP and microsatellite genetic distances (F~st~) were only comparable for *Acromyrmex* symbionts (r = 0.932; [Fig S3](#appsec1){ref-type="sec"}), whereas correlations decreased in comparisons between *Acromyrmex* and *Atta* symbionts and became very low in comparisons involving only colonies of *Atta colombica* ([Fig S3](#appsec1){ref-type="sec"}). Independent of the type of genetic marker used, mean genetic distances were higher in comparisons between *Acromyrmex* and *Atta* (Microsatellites: 0.20 ± 0.01 SE; AFLP: 0.36 ± 0.02 SE) than in comparisons within the ant genera (means ± SEs given above; microsatellite markers: F~2,168~ = 45.127, p \< 0.0001; AFLP: F~2,168~ = 22, p \< 0.0001). Also the average incompatibility scores were different for comparisons within and across ant species (genera) (χ^2^ = 12.236; df = 2; p \< 0.01). This difference was mostly due to less strongly expressed somatic incompatibilities between *Atta* symbionts, because the stronger mean reactions among *Acromyrmex* symbionts alone and between *Acromyrmex* and *Atta* symbionts were not significantly different from each other (W = 1635, p = 0.338). After pooling data across the entire range of genetic distances, the increase in somatic incompatibility with genetic distance was completely absent (AFLP: Mantel r = −0.045, p = 0.595, [Fig 2](#fig2){ref-type="fig"}A) or no longer significant (Microsatellites: Mantel r = 0.153, p = 0.213, [Fig 2](#fig2){ref-type="fig"}B).

Specific evaluation of the microsatellite genetic differences between the fungal symbionts of *Atta* and *Acromyrmex* colonies showed that they were completely separated ([Fig 3](#fig3){ref-type="fig"}, [Fig S4 and Supplementary Information](#appsec1){ref-type="sec"}), consistent with earlier findings by [@bib33] for the same sampling site. Calculations for the Standardized Indexes of Association, a linkage test ($\overline{r_{d}}$, with 999 permutations), accounting for the number of loci sampled, were significant for the *Acromyrmex* symbionts (*I*~*A*~ = 1.451, p = 0.001; $\overline{r_{d}}$ = 0.184, p = 0.001) and for the *Atta* symbionts (*I*~*A*~ = 1.923, p = 0.001; $\overline{r_{d}}$ = 0.319, p = 0.001). However, because only seven out of nine *Atta* symbionts had independent multi-locus genotypes, with three being identical (see [Supplementary Information for details](#appsec1){ref-type="sec"}), a clone-correction was applied. This showed that the Standardized Index of Association for the *Atta* symbionts remained highly significant (*I*~*A*~ = 0.744, p = 0.037; $\overline{r_{d}}$ = 0.119, p = 0.009), consistent with all multi-locus genotypes being clonal. Rooting the symbiont tree with a sympatric fungal symbiont of *Trachymyrmex zeteki* ([Fig S5](#appsec1){ref-type="sec"}) and by constructing a Minimum Spanning Network ([Fig 3](#fig3){ref-type="fig"}) and a UPGMA tree ([Supplementary Information](#appsec1){ref-type="sec"}), both based on Bruvo genetic distances, confirmed that the symbionts belonged to separate clades, although bootstrap values for the rooted tree were low. Mirror imaging of trees obtained by microsatellite and AFLP markers showed almost complete congruence for the *Acromyrmex* fungi, but more noisy correspondence for the *Atta* fungal symbionts ([Fig S6](#appsec1){ref-type="sec"}), confirming that these markers were less reliable predictors of somatic incompatibilities for *Atta* symbionts. Furthermore, STRUCTURE analyses of the AFLP data showed that four of the nine *Acromyrmex* symbionts were similar to the *Atta* symbionts ([Fig 4](#fig4){ref-type="fig"}), and these were the same four symbionts that were most closely related to *Atta* symbionts in the rooted tree based on microsatellites ([Fig S5](#appsec1){ref-type="sec"}).

4. Discussion {#sec4}
=============

The results of our study show that sympatric Panamanian colonies of *A. echinatior* and *A. colombica* rear genetically different lineages of the leaf-cutting ant garden symbiont *L. gongylophorus* and that microsatellite markers appear to predict genetic (in)compatibility better than AFLP markers. However, even when using microsatellite markers, the correlation between somatic incompatibility and neutral-marker-based genetic distance in *Atta* is noisier than in *Acromyrmex*. This shows that incompatibility reactions correlate only with genetic distances among fungal strains that have a realistic probability of being horizontally transferred, and not between more distant clades that are apparently unsuitable as symbionts for the sister genus of leaf-cutting ants. We discuss these findings in more detail below.

4.1. Is somatic incompatibility only between fungal symbionts that may be exchanged? {#sec4.1}
------------------------------------------------------------------------------------

The results of our study confirm the earlier findings by [@bib42] showing that somatic (in)compatibility of Panamanian *Acromyrmex* symbionts is predictable from pairwise genetic distances for AFLP markers ([Figs 1](#fig1){ref-type="fig"}A, C) and that the same result can be obtained with more specific microsatellite markers ([Figs 1](#fig1){ref-type="fig"}B, D). They also indicate that incompatibility reactions between separate clades of fungal symbionts, maintained by the two different genera of leaf-cutting ants, can no longer be predicted by neutral genetic markers. This lack of genetic signal may be due to incompatibility being ultimately caused by allelic variation at unknown loci ([@bib66]) that only correlate with neutral markers when there is recent common ancestry. This is only likely for local fungal symbiont lineages that are exploited by a single metapopulation of attine ants that share a joint pool of symbionts because each ant colony can in principle establish a viable symbiosis with each of these fungal genotypes.

We expect somatic incompatibility to be actively maintained by selection only in populations where the ants have the possibility to acquire multiple genetically different symbionts that are viable alternatives. Such selection would then be driven by resident fungus-garden symbionts being under selection to defend their monopoly against alternative strains that might be secondarily introduced, and with the active support of the farming ants that would lose fitness when maintaining multiple lineages of the same symbiont that compete for their attention rather than serving their hosts unconditionally ([@bib19], [@bib4]). When symbionts belong to different clades that no longer mix or exchange genes, each symbiont lineage is only a viable symbiont for one lineage of ant farmers or the other, but not for both. Our finding that *A. colombica* and *A. echinatior* maintain separated clades of fungal symbionts ([Figs 3](#fig3){ref-type="fig"} and [S5](#appsec1){ref-type="sec"}) suggests that *L. gongylophorus* has, in fact, been split into an *Atta* and *Acromyrmex* clade after its monophyletic origin 2--3 MYA ([@bib32]). The two species of leaf-cutting ants that we investigated rear representatives of these symbiont lineages that appear adapted to being, respectively, an *Atta* and *Acromyrmex* symbiont.

The fact that the fungal symbionts of Panamanian leaf-cutting ants appear to have split in two monophyletic clades, is consistent with the results of a recent study that experimentally swapped fungus-garden symbionts between sympatric *Trachymyrmex septentrionalis* and *Atta texana* from Texas, USA ([@bib55]). Although these ants are at the northern edge of the attine ant distribution ([@bib36]), and likely to have lower genetic variation among their symbionts, they share even less common ancestry than the Panamanian fungal symbionts of our present study ([@bib37]). The swapped fungal symbionts thus could only serve as viable mutualists for either *Trachymyrmex* or *Atta*, but not both, which was confirmed in the published experiments showing that: (1) Alternative fungus gardens were not always rejected by the ants but were never adopted as a viable alternative symbiont, because the ants were able to grow their original symbiont back from minuscule remnants that the authors had been unable to remove. (2) None of the *T. septentrionalis* colonies ever produced virgin queens when they maintained an *A. texana* fungal symbiont, consistent with the new combination being non-viable for transmitting ant or fungal genes to future generations. A follow-up study transplanting *A. texana* fungus to colonies of both *T. septentrionalis* and *Trachymyrmex turrifex* confirmed that these *Trachymyrmex* species cannot enter into viable symbiosis with *L. gongylophorus* symbionts and that the virgin queens produced on swapped gardens had poor fat reserves making it unlikely that they could successfully found colonies ([@bib56]).

To make further progress, it would be desirable to identify the genes that are directly responsible for somatic incompatibility, as this would allow direct studies on the signatures of selection and specialization across the clades of higher attine ant symbionts. In another, non-eusocial model system of fungus-growing insects, the *Sirex* wood wasp, a range of genes are involved in somatic incompatibility reactions among lineages of the associated fungus, including fusion and recognition genes and genes that mediate cellular damage, stress response, and programmed cell death ([@bib59]). Whether these genes have homologs or analogs in attine ant fungal symbionts remains to be explored, as the *Sirex* symbiont *Amylostereum areolatum* belongs to a distantly related clade of basidiomycetes ([@bib3]), and their respective domestication histories may have implied that recognition systems were lost and gained over evolutionary time.

4.2. Why do Atta fungal symbionts express weaker incompatibility reactions? {#sec4.2}
---------------------------------------------------------------------------

Incompatibility reactions among *Atta* symbionts were significantly weaker and less predictable from neutral F~st~ marker values than similar reactions between *Acromyrmex*-associated fungi. One possible explanation for this difference could be that there is a fundamental difference in colony founding in the sense that *Acromyrmex* queens forage during colony founding similar to all more basal attine ants, whereas *Atta* queens have secondarily evolved claustral colony founding. This implies that newly-mated *Atta* queens close off their nest cavity to raise the first worker cohort purely on their body reserves, so that new colonies will only be opened by these workers 80--100 d after they were founded ([@bib62], [@bib14]). However, *Acromyrmex* queens not only forage for leaf fragments to manure their incipient fungus garden but, particularly when they have lost their garden, also for a replacement garden of another incipient colony whose queen is out foraging ([@bib43]), an option that is unavailable for founding *Atta* queens. Although swapping of incipient fungus gardens with a fungus garden fragment from a mature *Acromyrmex* colony was relatively unconstrained during early colony founding, it is likely that stronger mutual commitment between a founding queen and her resident fungus garden builds up in a matter of weeks, including stronger incompatibility reactions in case one of the first workers brings in an unrelated fungus garden fragment from a neighboring nest ([@bib43]). This can never happen in the 80--100 d during which *Atta* colonies remain closed, removing selection for expressing incompatibility mechanisms during colony founding.

Why neutral markers should be weaker predictors of somatic incompatibility in *Atta* colonies after workers start foraging remains unclear. Imprinting of workers on the odor of a resident fungus garden is a possibility ([@bib55]), but it seems unclear why such mechanisms should differ between *Atta* and *Acromyrmex* symbionts and why that should reduce selection for more direct defenses by fungal symbionts against being replaced. Fungus gardens of Panamanian *Acromyrmex* colonies differ in chemical profiles ([@bib48], [@bib49]), but these differences do not correlate with genetic distances and comparable data for sympatric *Atta* colonies are lacking. Another hypothesis may be that mature *Atta* colonies have hundreds of fungus gardens, whereas sympatric mature *Acromyrmex* colonies have one or a few at best. This may make a difference in the likelihood of a resident fungus garden symbiont being replaced by an accidentally imported small fragment of fungus garden from a neighboring colony, so that less accurate recognition systems suffice in mature colonies of *Atta* but not in *Acromyrmex*.

Finally, there could also be a technical explanation for the incompatibility differences between the fungal symbionts of *Atta* and *Acromyrmex*. We found similar variation for the symbiont-specific microsatellite markers obtained from Panamanian symbiont samples ([@bib54]) and the general AFLP markers for *Acromyrmex* symbionts, but enhanced variation in AFLP peaks for *Atta* symbionts, relative to *Acromyrmex* symbionts ([Fig S3](#appsec1){ref-type="sec"}). This suggests that DNA from other organisms may have been amplified with the AFLPs and that such other organisms were only present in *Atta* symbiont cultures. In principle, this could be viral ([@bib41]), bacterial ([@bib57]) or prion ([@bib65]) DNA. However, universal bacterial 16S primers did not amplify the DNA samples (P.W. Kooij, unpublished data), making bacterial contaminations unlikely.

Supplementary Information {#appsec1}
=========================

The following are the supplementary information related to this article:Table S1Binary allele score (A) and allele fragment sizes (B) for 106 identified alleles from AFLP analyses on nine *Acromyrmex* and nine *Atta* fungal symbionts. Cutoff for allele identification was set at minimum 50 bp and maximum 500 bp. Columns show colony ID, host ant species, and allele number.Table S2Microsatellite allele scores for nine *Acromyrmex* and nine *Atta* fungal symbionts for each of the ten different loci. Columns show colony ID, host ant species, and locus name with respective allele sizes.
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![Somatic incompatibilities in confrontations between fungal symbionts from sympatric *Acromyrmex* and *Atta* colonies plotted against genetic distances calculated using AFLP (A) and microsatellite (B) markers. The size of circles is proportional to the number of times that particular combinations were found. Correlations were not significant (microsatellites: Mantel r = 0.1518, p = 0.2064; AFLP: Mantel r = −0.1034, p = 0.7063). All tests were performed with 99,999 permutations.](gr2){#fig2}

![Minimum Spanning Network based on Bruvo genetic distances. Fungal symbionts from *Acromyrmex* colonies (white circles) are separated distinctly from those of *Atta* colonies (gray circles). The size of the nodes is proportional to the number of represented clones (normally one but in one case three), and the thickness of the lines represents the Bruvo genetic distance between two nodes (thicker lines mean larger genetic distance).](gr3){#fig3}

![DISTRUCT plot for the nine *Acromyrmex* and nine *Atta* symbionts separated with a dashed line. Each bar represents an individual fungus clone, and the three colors represents different clusters, determined by STRUCTURE analysis. Four *Acromyrmex* symbionts cluster with the dominant in *Atta* symbionts.](gr4){#fig4}
